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Abstract 
Having a hexagonal closed packed (hcp) structure and ratio of the crystallographic axes c/a close to ideal, the 
deformation behavior of magnesium alloys is rather different from other (e.g. fcc or bcc) metals. In the 
identification of the particular deformation mechanisms in magnesium the non-destructive in-situ methods play 
an important role. In this paper the potential of acoustic emission (AE) and neutron diffraction (ND) methods in 
study of deformation twinning and dislocation slip is presented. It is shown that the concurrent application of 
these two methods can result in a complex description of the dependence of the twinning mechanism on the 
experimental parameters (strain path, temperature etc.). Furthermore the activity of the various slip systems 
discovered by statistical analysis of AE waveform streaming data and ND peak profile analysis respectively is 
discussed in detail.  
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1.  Introduction 
 
In the last decade, magnesium alloys have been introduced into a number of different 
applications. Compared to other metals and alloys, they offer a tremendous potential for 
lightweight constructions due to their excellent properties. Their unique characteristics, such 
as high specific strength (the ratio of the yield stress to density), superior damping capacity 
and high thermal conductivity, predetermine them for use in the applications of transportation 
industry. Nevertheless, the limited slip capability of their hexagonal close-packed (hcp) 
structure restricts the formability. In order to improve plasticity of magnesium-based alloys it 
is important to understand their deformation behavior. The (0001) 1120basal slip is the 
most easily activated system in Mg at room temperature followed by first-order 
{ }1010 1120 prismatic, and the first- ({ }1011 1120) and second-order ({ }1122 1123) 
pyramidal which in general requires either higher applied stress and/or elevated temperatures 
to be activated [1]. Since the von Mises criterion of five independent slip systems for 
homogeneous deformation is fulfilled only by activation of c a+ dislocations having high 
critical resolved shear stress, mechanical twinning, preferably on { }1012  (extension 
twinning) and { }1011  (compression twinning) planes is the preferred mechanism that 
accommodates deformation out of the basal plane. required to fulfill the von Mises condition 
at ambient temperatures [2].  
The study of twinning phenomenon includes classical methods as e.g. light optical or electron 
microscopy. Nevertheless, in such a case only the post-mortem state of a small sample section 
is investigated. The real-time study of twinning by acoustic emission (AE) technique takes 
advantage of the feature that the twin nucleation is a result of collective motion of several 
hundred dislocations and consequently a strong AE source [3]. On the other hand, the twin 
growth does not generate detectable AE. Since the growth velocity of an elliptical twin is in 
order of 10-3 ms-1 , the surface displacement caused by twin growth is only ∆u = 5×10-22 m 
[4]. This theory was experimentally proved by Carpenter and Chen during deformation of 
zinc single crystal [5]. 
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The twin growth can be studied by in-situ neutron diffraction (ND) [6].  The ND technique 
takes advantage of penetration depth of thermal neutrons and the sensitivity of diffraction 
pattern to microstructural changes. The overall twinned volume can be determined from the 
intensity variations of particular peaks, caused by the crystal lattice reorientation during the 
twinning [6].  
The combination of AE and ND leads to a throughout characterization of twinning in Mg 
alloys [7].  
The aim of the present work is go by a step further: besides the twinning the dislocation slip is 
also investigated using these non-destructive methods for polycrystalline magnesium.  
 

2.  Experimental 
 
Cast polycrystalline magnesium, having random texture with 1 wt.% Zr content was used for 
the experiments. The average grain size was (100 ± 5) µm. The testing was carried out using 
cylindrical specimens with a diameter of 9 mm and gauge length of 20 mm. A standard 
neutron powder diffraction instrument MEREDIT (Medium Resolution Neutron Powder 
Diffractometer) equipped with a vertical loading frame was used for in-situ neutron 
diffraction measurements. Mechanical loading of the sample was interrupted for ~6 hours in 
order to collect the neutron diffraction pattern from the strained part of the specimen at a 
constant level of applied strain. Data acquisition took place in two separated scans by 4° 2θ 
with step 0.1° and time per step of 30 and/or 600 sec. The final patterns were calculated as the 
average of these two scans to improve the statistic. Program FullProf was used for the 
refinement of the diffraction patterns. 
The compression testing was carried out at a strain rate of 1 x 10-3 s-1 in strain control mode at 
room temperature. The AE was monitored in separate tests using a computer controlled PCI-2 
device (Physical Acoustic Corporation). The threshold level of detection was set as 26 dB, 
just above the background noise. A Midi piezoelectric transducer, manufactured by Dakel 
company, with a flat response between 50 and 650 kHz was mounted on the outside the gauge 
length using vacuum grease and an elastic band. A preamplifier with gain of ~40 dB in the 
frequency band 100 – 1200 kHz was used.   

 
3.  Results and discussion 
 
Raw AE signals recorded during the compression test in the threshold-less regime (waveform 
streaming) are presented in Fig. 1. The AE streams appear as time-series of burst signals with 
various amplitudes arriving randomly in time. The typical lenticular shape of the stream 
exhibiting a clear maximum indicates an uneven distribution of AE activity during straining. 
Dislocation slip and twinning were identified as the two main AE sources in magnesium alloy 
[3]. The separation of particular AE events originated from these two sources is a rather 
difficult task. There is a general agreement that the burst AE events stemmed from twinning 
usually have higher amplitudes and power than the dislocation ones, which have rather a 
character of continuous, low amplitude signal. Nevertheless, owing to the concurrency of the 
processes the amplitude based inspection rarely leads to satisfactory results. It was shown 
recently by Vinogradov et al. [8] that a spectrum-based analysis of the continuous AE stream, 
when the characteristic features of frequency domain of the waveforms are investigated, is 
more functional for investigation of simultaneously active AE sources than the classical, hit-
based processing, when the ‘useful’ signal is reduced for waveforms using a threshold level 
and hit definition time (HDT). Their adaptive sequential k-means (ASK) procedure [9], used 
also in this work, divides the continuously streamed AE data into consecutive individual  



 
Figure 1.  AE waveform stream measured during compression test on magnesium specimen 

 
realizations (“frames”) containing 2048 samples with 1024 overlapping points. Afterwards 
their power spectral density (PSD) function G(f) is calculated for each frame. From the PSD 
function the AE energy per realization E referred to 1 Ω nominal impedance and median 

frequency fm  is derived as follows: 
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calculated as input parameters for statistical analysis of the signals. Owing to the random 
character of the AE, there is a significant scatter in the waveforms and PSDs. Thus, the 
discrimination between signals stemming from different sources can only be done on the 
statistical basis. The main advantages of the ASK clustering method are the follows: (i) the 
number of clusters is data driven, i.e. it is not necessary to assume any number of active 
deformation processes in advance; (ii) the process is non-iterative, i.e. - AE signals are 
associated with a certain cluster sequentially based on their arrival time. The analysis starts 
with the statistical characterization of the power spectrum density of the background noise, 
which gives the first reference point for comparison and the definition of the first cluster 
centroid. Every consecutive AE realization is then either assigned to the nearest cluster or 
used as a seed of a new cluster. It should be noted that the ASK analysis does not preclude the 
possibility of concurrent activity of various deformation mechanisms. The method only tells 
us which deformation mechanism dominates at a given strain (time) level. 
The ASK analysis of AE signals resulted in identification of four main clusters. The time 
evolution of cumulative number of events in the particular clusters is shown in Fig. 2. It is 



evident that magenta colored cluster includes the background noise signals, since it appears 
before the onset of deformation test. The remaining four clusters have microstructural origin. 
The blue and red clusters appear far below the macroscopic yield point. The events have low 
energy (Fig. 3), which indicates their dislocation origin.  
 

 
Figure 2. Time evolution of the number of AE events originated from different source mechanisms 

 

 
Figure 3. Energy of the particular AE events   

 
The appearance of the “blue” AE events at low stresses indicates that this cluster is originated 
from the basal <a> slip, which has the lowest critical resolved shear stress (CRSS). There is a 
significant increase in the number of events in the red cluster above the macroscopic yield 
point, which is characteristic for the prismatic <a> slip, having higher CRSS than the basal 
system. The black cluster is most probably connected with extension twinning, since both the 
activation stress and the energy of these events is larger than those for previous clusters. It is 
noteworthy that the dominancy of the twin events terminates shortly after reaching the yield 



point despite of the continuing plastic deformation. Explanation of this feature needs recalling 
of the neutron diffraction data. As it was mentioned in the introduction, the extension 
twinning produces intensity changes of particular diffraction peaks. In compression, the 

{ }1012 twinning produces extension of crystallographic c-axis in grains, whose c-axis is less-

more perpendicular to the loading direction. Since this mechanism reorients basal planes by 
86.3°, an increase in the intensity of the (00.2) peak is expected. Consequently, the intensity 
of the parent {10.0} reflection decreases. The same assumption can be made for {10.3}-
{11.0} planes. Therefore, the intensity changes of these reflections are proportional to the 
twinned volume. The twinned volume increases monotonically with the applied stress, as it is 
obvious from Fig. 4.  
 

 
Figure 4. Evolution of the normalized integrated intensity of particular diffraction peaks and the AE count rate 

with the applied stress 
 
This means that the extension twinning is active during the entire straining. This conclusion is 
apparently in contradiction with the AE results. Nevertheless, we should realize that twinning 
process has two stages: nucleation and growth. Since, only the twin nucleation is detectable 
with AE, the results we can explained as follows: at the early stages of the straining twin 
nucleation takes place. Consequently, strong twinning AE activity is recorded. As the 
deformation progresses, the nucleated twins start to rapidly growth, which leads to monotonic 
increase of the twinned volume. Owing to the insensibility of the AE to twin growth, this 
effect can be detected only by the ND method. 
 
4.  Conclusions 
 
In this paper the advantages of the concurrent usage of acoustic emission and neutron 
diffraction method in study of deformation mechanisms of magnesium was presented. It was 
shown that using the ASK analysis the AE events originated from the dislocations and 
twinning, respectively, can be distinguished. The AE results showed that the basal slip takes 
place already in the elastic regime. In the vicinity of the macroscopic yield point the extension 
twinning becomes the dominant deformation mechanisms. At higher strains prismatic <a>-
slip was also observed. The neutron diffraction measurements showed that in the plastic 
regime massive twin growth takes place.  
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